reports showing that acute DM, which was administrated to adolescent rats at high doses, increased gene expression of tyrosine hydroxylase, the rate limiting enzyme of catecholamine biosynthesis, in the midbrain dopaminergic neurons [12] and activated the neurons, referred by c-fos expression, in the reward pathway [13] .
Repetitive DM at high doses may induce phencyclidine-like side effects, such as memory and psychotomimetic disturbances, because phencyclidine, so as DM, is a non-competitive antagonist of NMDA receptor [14] and the psychological symptoms of DM abuse are similar to phencyclidine-induced psychotomimetic symptoms [15] . It is well known that treatment with NMDA receptor antagonists impairs spatial learning tasks [16] [17] [18] [19] [20] . It has been reported that chronic neonatal NMDA receptor antagonists, such as phencyclidine or MK-801, impairs spatial learning both in adolescent and adult rats [21, 22] . Acute DM on each training day of water maze task impaired the ability for learning in adult rats [23] . We previously found that repetitive DM at adolescence induces behavioral sensitization [24, Jahng et al., submitted] and impairs water maze learning, however, only in female rats, but not in male [25] . This suggests that female rats at adolescence may have higher vulnerability than male rats to NMDA receptor antagonists.
It was reported that estrogen impairs reference memory in Morris water maze learning, the hippocampal based learning task [26] . Estrogen has been reported to be involved in neural plasticity of the pyramidal cells in the hippocampus [27, 28] , and the estrogen effects on the hippocampal neurons are believed to be mediated by NMDA receptors [29] [30] [31] . In this study, we examined first if ovariectomy ameliorates DM-induced impairment in water maze learning in female rats, and then whether or not the DM effect is revived by estrogen replacement in ovariectomized female rats.
Materials and Methods

Animals
Sprague-Dawley rats were supplied from the Division of Laboratory Animal Medicine, Yonsei University College of Medicine, and cared in a specific-pathogen-free barrier area with constant control of temperature (22 ±1°), humidity (55%), and a 12/12 h light/dark cycle (lights-on at 07:00AM). Rats had free access to standard laboratory food (Purina Rodent Chow, Purina Co., Seoul, Korea) and membrane filtered purified water ad libitum. Animals were cared according to The Guideline for Animal Experiments, 2000, edited by The Korean Academy of Medical Sciences, which is consistent with NIH Guideline for the Care and Use of Laboratory Animals, revised 1996. All animal experiments were approved by the Committee for the Care and Use of Laboratory Animals at Yonsei University.
For behavioral study, nulliparous female and proven breeder male were used for breeding in the laboratory of the animal facility, and the offspring reared in a controlled manner to minimize and standardize unwanted environmental stimulation from in utero life. Twelve hours after confirming delivery, pups were culled to 6 males and 6 females in a litter, and weaned on postnatal day (PND) 21. Three weanling female pups in each litter were used for the experiment and the rest were excluded. One female pup in a litter was assigned to ovariectomy and the rest two to sham operation. Bilateral ovariectomy was performed with dorsal approach under chloral hydrate (153 mg/kg) and pentobarbital (35 mg/kg) anesthesia on PND 21, as previously described [32] , and the sham operation consisted of the same procedure without touching ovary. Body weight gain of ovariectomized pups did not differ from the sham-operated group during the experimental period.
Drug treatment
DM (Dextromethorphan HBr, Sigma Chemical Co., St. Louis, MO, USA) was dissolved at a concentration of 40 mg/2 ml in saline. One out of the two sham-operated female rats and the ovariectomized one from each litter received intraperitoneal injection of DM at a dose of 40 mg/kg daily between 8:00 AM and 9:00 AM during PND 28 -37, and the rest sham-operated female rat received aseptic physiologic saline instead of DM with the same injection volume and schedule (n=6 in each group, i.e. 18 pups from 6 different litters were used). The dose was chosen because 40 mg/kg of DM produced the most significant behavioral effects acutely without mortality [13] , and induced behavioral sensitization [24] and impairment in water maze learning [25] when it was given repeatedly to adolescent female rats.
Four out of 10 rats died within 20 min after 80 mg/kg of DM in our preliminary experiment (data not shown). Mean body weights of the pups on PND 28 were not different among the groups, because rats were assigned by Latin square method according to the order of body weights within a litter.
For estrogen replacement experiment, two ovariectomized female pups in each litter were used (total 12 pups from 6 different litters). One pup from each litter received subcutaneous injection of 17β-estradiol (1μg in 200μl of sesame oil, Sigma Chemical Co., St. Louis, MO, USA) and intraperitoneal DM (40 mg/kg), and the other received 200 μl of sesame oil (Sigma Chemical Co., St. Louis, MO, USA) and 40 mg/kg of DM. The injections were made daily between 8:00 AM and 9:00 AM, and 17β-estradiol or the vehicle was given from PND 24 to 37 and the DM injection from PND 28 to 37.
Morris water maze
Rats were subjected to the Morris water maze task from PND 38, approximately 24 h after the last drug injection. A modified version of the Morris water maze task was used. A circular water maze (Panlab s.l., Barcelona, Spain) in 200 cm diameter and 40 cm height was used. The pool was divided into four quadrants of equal surface area. The starting points were called north, south, east and west, and located arbitrarily at equal distances on the pool rim. A circular platform in 15 cm diameter and 30 cm height was located in the south-east quadrant, submerged 1cm under the surface of water and 42.5 cm apart from the pool rim. The water temperature was maintained at 22 ±1°. Non-toxic, black tempera paint powder (Funstuff, Reeves and Poole Group, Toronto, Canada) was used to hide the platform. The movement of rats within the tank was recorded by a video tracking system (Smart, Panlab s.l., Barcelona, Spain). A variety of pictures were posted on the walls of the test room as cued stimuli. Time of escape latency and swim distance to reach the platform were used to assess the acquisition of the task. The motor activity of rats in this task was determined by swimming speed (path length / escape latency).
To assess the spatial learning ability, the rats were subjected to initial training as the first phase of the experiment. The rats were randomly placed in one of the four starting points, approximately 5 cm apart from and facing the edge of the pool, and then given 60 sec to find the escape platform. If they found the platform within 60 sec, they were allowed to stay at the platform for 15 sec. Rats that did not find the platform within 60 sec were guided to the platform by the experimenter and allowed to stay there for 15 sec. The rats were removed from the maze, toweled dry, and placed under a heat lamp (60 Watt, 20 cm above) for 5 min before the next trial. There were four trials on each training day and the starting quadrant was changed after each trial. The order of starting points changed for each training day. Initial training was performed for 6 days in ovariectomy experiment, or for 9 days in estrogen replacement experiment, respectively.
A probe test was completed with the first trial on the next day after the initial training. The escape platform was removed from the tank. Then the rats were placed in the opposite side of where the platform used to be located, and allowed to swim in the tank for 60 sec. The animal performances, i.e. swimming time and distance in each quadrant, swim speed, and annulus crossings, over 60 sec were recorded by a video tracking system (Smart, Panlab s.l., Barcelona, Spain) to measure the spatial learning ability without the influence of chance encounters with the platform. The probe test was performed to demonstrate the strength of the place bias indicative of spatial learning in each animal.
Statistical analysis
Data were presented as means ± S.E.M. and statistical analyses were done with the aid of the StatView II program (version 5.01, The SAS Institute, CA, USA). Differences between means were analyzed with a one-way analysis of variance (ANOVA) and preplanned comparisons with the control performed by post-hoc Fisher's PLSD test.
Results
Rats were subjected to the initial training of water maze task from PND 38, approximately 24 h after the last injection of dextromethorphan (DM) or saline. All rats showed a progressive decline in the escape latency over the six initial training days. One-way ANOVA was performed with the average of the rat's four escape latencies per day, and no significant difference was found among the experimental groups in each training day (Fig. 1. A) . Swim speeds of rats in the maze on each training day did not differ among the experimental groups (data not shown). To evaluate memory retention, probe trial was performed on the seventh day. Goal quadrant dwell time was significantly reduced in the DM treated sham group [F (2, 13) = 4.806, P<0.05] compared with the saline control sham group, and the reduction was not found in the DM treated ovariectomy group (Fig.1. B) . Swim speeds of rats during probe trial did not differ among the groups (sham/saline group, 32.600 ± 1.757 cm/sec; sham/DM group, 29.900 ± 1.698 cm/sec; OVX/DM group, 32.317 ± 1.134 cm/sec). These results suggest that ovariectomy may ameliorate the memory impairment by repetitive DM at adolescence in female rats.
Ovariectomized rats received 17β-estradiol or vehicle during DM treatment, and were subjected to the water maze task 24 h after the last drug injections. Both the 17β-estradiol and the vehicle groups showed a progressive decline in the escape latency over the first seven training days, without significant differences between the experimental groups ( Fig. 2. A) (Fig. 2. B) . These results suggest that estrogen replacement might have revived the adverse effect of repetitive DM on memory retention in ovariectomized female rats, i.e. estrogen may take a major role in DMinduced memory impairment in young female rats.
Discussion
We demonstrated that female rats treated with dextromethorphan (DM) repeatedly during adolescent period successfully completed the initial learning of the Morris water maze task, regardless of ovariectomy, in a similar pattern with the non-treated controls. This result is in accordance with our previous report [25] , suggesting that repetitive DM at adolescence of female rats may not influence the acquisition of water maze learning. However, it was Escape latencies during initial training period, B; Goal quadrant dwell times of probe trial. Rats received ovariectomy on PND 21, and dextromethorphan (40 mg/kg) was intraperitoneally injected daily between 8:00AM and 9:00AM during PND 28-37. Rats were subjected to water maze task 24 h after the last injection (PND 38). One-way ANOVA analysis of escape latencies during initial training period revealed no effect of drug or ovariectomy in each training day (A). In the probe trial performed on the seventh day, goal quadrant dwell time was significantly reduced in the DM treated sham group (Sm/DM) compared with the saline control sham group (Sm/Sal), and the reduction was not found in the DM treated ovariectomy group (OVX/DM) (B). *P<0.05 vs. Sm/Sal, n= 5-6 each group, Data were presented as means ± S.E.M.
reported that DM at 40 mg/kg of dose, the same dose used in this study, impairs the acquisition of the Morris water maze task during initial training period in adult rats, when it is injected shortly, i.e. 15 min, before the initial training [23] . The initial training performance of rodents in the maze is generally dependent upon two factors: habituation of perimeter preference and learning the location of the escape platform. Previous report has revealed slower perimeter habituation in NMDA receptor antagonist-treated rats [33] . The impairment of water maze acquisition by acute DM could be due to impaired sensory and motor processes [34] . Indeed, Bane et al. [23] mentioned an alteration in motor activity induced by DM, i.e. DM treated adult rats appeared slow to move towards the center of the maze. Another non-competitive antagonist of NMDA receptor, MK-801, impaired the acquisition of water maze learning in rats, when it was injected 45 min before the behavioral tests, and these rats showed hyperactivity with increased swim speed, which inhibited staying on the escape platform [35] . We previously reported that ataxia and stereotyped behavior is induced in adolescent rats shortly after DM injection in a dose dependent manner [13, 12] . In the present study, swim speeds of rats in the maze did not differ among the experimental groups, supporting no effect of chronic DM on motor system. Furthermore, in our studies including the present one, rats were subjected to the initial training of water maze task 24 h after the last drug injection. Therefore, we believe that DM does not affect the acquisition of water maze learning task in adolescent rats, when a possible involvement of altered motor activity in the learning task is excluded in the experimental paradigm.
In this study, goal quadrant dwell time in the probe trial of water maze task was significantly reduced by DM in young female rats without ovariectomy, as we previously reported [25] . The purpose of probe trial was to evaluate memory retention, i.e. to examine whether the rats soundly remember the spot where the escape platform used to be located without the influence of chance encounters with the platform. Thus our result suggests that repetitive DM at adolescence may impair the retention of spatial memory in female rat. This result concurs with previous report that repeated treatment of a non-competitive antagonist of NMDA receptor phencyclidine induces long-term impairment in water maze performance [22] . In this study, the DM-induced memory impairment did not occur in ovariectomized females, suggesting that ovary function is required for the adverse effect of repetitive DM. Indeed the impairment in memory retention by repetitive DM revived with estradiol replacement to the ovariectomized females. Furthermore, the estradiol replaced group showed a partial impairment in the acquisition of water maze learning as well, during the initial learning trials. This result suggests that estrogen may take a major role in the adverse effect of repetitive DM during adolescent period in female rats.
It has been suggested that spatial learning deficits induced by NMDA receptor antagonists are due to the blockade of hippocampal NMDA receptors [36] . It was reported that chronic postnatal phencyclidine upregulates NMDA receptor density in the hippocampus and the frontal cortex of adult rats, concomitantly with deficits in spatial learning task [22] . This suggests that repeated treatment with NMDA receptor antagonists may cause a permanent alteration of NMDA receptor populations in the brain regions, and this alteration may correlate with impairment of spatial learning task in rodents. It was reported that NMDA receptor activation is required for synapse formation in the hippocampus [37] , suggesting a permanent increase in NMDA receptor activity could disrupt synapse formation in the hippocampus, in turn impairs spatial cognitive memory task. We previously found that repeated treatment of DM during adolescent period of rats markedly increased NMDAR1, functional subunit of NMDA receptor complex, in the brain regions, such as the hippocampus and the hypothalamus [24] , and that this increase was more obvious in female rats than males, and furthermore, not observed in ovariectomized female rats (manuscript in preparation). Estrogen increases Ca 2+ influx through NMDA receptors [38] and both the slop and the amplitude of NMDA receptor-mediated long-term potentiation [39] . It has been reported that estradiol treatment increases the number of NMDA binding sites and NMDAR1 subunits [30, 31] and NMDA receptor-mediated synaptic input [31] in the hippocampus, and impairs reference memory in Morris water maze learning, the hippocampal based learning task [26] . Taken all together, it is suggested that memory impairment by repetitive DM may be related with a permanent increase in NMDA receptor activity in the hippocampus, and estrogen may take a role in the adverse effect of repetitive DM, perhaps, via mediating, or enhancing, NMDA receptor activity in the hippocampus.
Interestingly, DM effect was not detected in the initial learning trials of intact or ovariectomized rats; however, it was disclosed by estradiol replacement. It has been reported that estrogen replacement at high doses may impair acquisition of spatial memory [40, 41] . Exogenous estrogen at high doses impaired working memory performance in the radial arm maze [40] and memory acquisition in the water maze task [41] in ovariectomized rats. It was suggested that impaired acquisition in the water maze learning by exogenous estrogen may be due to disturbances in estrogen-induced changes of the hippocampal spine density [41] . This may explain the impaired performance of initial learning trials by estradiol replacement in this study, although further studies are required to determine whether or not exogenous estrogen interacted with DM to impair the acquisition of water maze learning.
In conclusion, repetitive DM at adolescence impairs spatial memory task in young female rats, and estrogen appears to take a role in this impairment. We suggest that this adverse, perhaps sex-specific, effect of repetitive DM should be considered when the drug is clinically treated for neurodegenerative diseases and other disorders [6, 7] , since chronic administration of DM at higher doses than antitussive doses is usually recommended for those clinical indications. Further studies to define molecular mechanism of repetitive DM-induced long-term adverse effects are currently under our considerations.
